The In situ Combustion Process (ISC) consists of a partial combustion of in situ oil, and its goal is to generate a combustion front able to make the oil flow. This combustion front will heat the oil's surrounding areas, achieving a reduction in oil viscosity and allowing its displacement into the production well. The aim of this investigation is to analyze and determine the parameters that influence the combustion process, highlighting the kinetics (activation energy, Arrhenius coefficient, and percentage of cracking for the production of coke) of three different models of chemical reactions and the air injection rate.
INTRODUCTION
Oil remains the main source of energy in the planet. However, the fast reduction of conventional oil reserves raises the interest in exploring heavy and extra heavy oil reservoirs. With this goal, researchers have developed different enhanced oil recovery techniques, one of them being the In Situ Combustion Process (ISC).
In Situ Combustion is the oldest thermal method of oil recovery (Burger & Sahuquet, 1972; Chicuta & Trevisan, 2009; Sarathi, 1999) . This method consists on burning a portion of the oil in place to generate a combustion front capable of heating the surrounding areas, achieving a reduction in oil viscosity and allowing it to move towards the producer wells.
During ISC, ignition is maintained by continuous injection of air into the reservoir by the injection well. The common products generated after combustion are water and carbon dioxide. However, these products depend on the type of chemical reaction that generated them. The ignition of the oil in the reservoir may be spontaneous. If it is not spontaneous, the use of downhole heaters may be required Although it seems an easy process, ISC involves a series of complex mechanisms that difficult their representation through analytical and physical models and numerical simulation. It is classified as a high-risk process due to numerous problems in field application. The key causes of process failures are the incompatibility between the method and the reservoir characteristics, the poor quality of the preliminary study, or the complexity of representing, through numerical simulations, the different reactions and phenomena that occur during the process (Tarifa, 2014). However, when applied within the appropriate conditions, the in situ combustion has a high technical and economic potential (Lin et al. 1984; Mamora, 1993; Prats, 1982) .
According to Mothé and Silva Jr. (2008) , at the Northeastern region of Brazil there are on-shore heavy oil reservoirs located in the states of Rio Grande do Norte, Ceará, Sergipe, and Alagoas. To recover the oil, industry has several special recovery methods, and among the most used ones is the steam injection (Araujo, 2012).
The oil fields are considered mature between 15 and 35 years of production and some of them produce by steam, gas, and water injection. These types of fields may be good candidates for the implementation of the ISC (Ruiz, 2012; Schiozer, 2002).
The objective of this work is to study the implementation of the ISC in heavy oil reservoirs. For this, a semisynthetic reservoir with Northeastern Brazil features was used. The study aims to analyze and determine the parameters that may influence the process, highlighting the kinetics (activation energy, Arrhenius coefficient, and percentage of cracking for the production of coke during the process) behind three different models of chemical reactions (Tarifa, 2014).
METHODOLOGY
The present study analyzed a homogeneous reservoir model with characteristics from the Northeastern Brazil region. The reservoir characteristics are presented in Table 1 . A finite aquifer was considered and a cap of gas was disregarded. The model represents a quarter five spot with a production well at one corner and other possible water injection well at the opposite corner.
The experiment used a multicomponent fluid system. The fluid model corresponded to an oil with similar properties to those found in some reservoirs from the Brazilian Potiguar basin. Its characteristics were as follows: 16.76 °API, RGO of 6.09 m . According to the Brazilian National Agency of Petroleum, Natural Gas and Biofuels (ANP) classification, the oil used is considered a heavy oil (10 ≤ °API < 22). Table 2 shows the information of the fluid present in the selected reservoir.
These components were grouped into seven (7) pseudo-components and two (2) components, as follows: heavy oil (C 21-40+ ), medium oil (C 11-20 ), light oil (C 6-10 ), volatile oil (C 4-5 ), gas (C 1-3 ), inert gas (CO 2 and N 2 ), coke (C), and oxygen (O 2 ).
The application of the ISC caused some effects, such as an increase in reservoir temperature, which led to viscosity reduction, oil thermal expansion, distillation of the lighter components from the oil phase to the gas phase, and thermal cracking of higher molecular weight components into lighter components This study used three different models of chemical reactions. The objective was to observe their influence on the results obtained.
The first model applied (Model 1) was the one proposed by Coats (1980) . This model is based on Crookston model (1979) . Table 3 shows the oxidation reactions (R1, R2, R3, and R4), which occur with the three pseudo-components of oil (heavy, medium, and light) and coke (C). The products of those reactions are carbon dioxide (CO 2 ), nitrogen (N 2 ), and water (H 2 O). The model also shows cracking reactions (R5 and R6) of heavy and medium oils.
The second model (Model 2) was the one proposed by Belgrave et al. (1993) . Table 3 shows one oxidation reaction (R4) with the coke (C). The products of this reaction were carbon dioxide (CO 2 ), nitrogen (N 2 ), and water (H 2 O). The model also shows cracking reactions of heavy and medium oils (R5 and R6), and presents low temperature reactions (R7, R8, and R9). The cracking reactions and the low temperature reactions supply the fuel to the oxidation reaction.
Finally, the third model used (Model 3) was a modification of the first two models presented above (Coats, 1980; Belgrave et al., 1993) . Table 3 shows the oxidation reactions (R1, R2, R3, and R4), which occur with the three pseudo-components oil (heavy, medium, and light) and coke (C), having as Table 4 presents the data used for each chemical reaction model studied.
The aim of this investigation is to analyze and determine the parameters that influence the process of the combustion, highlighting the kinetics of the process (activation energy, Arrhenius coefficient, and percentage of cracking for the production of coke).
Initial simulations determined the most relevant parameters of the ISC and, then, the sensitivity analysis of some parameters on the kinetics of the reactions and the oil flow in the oil recovery at different times. A full factorial design was used (3 factors at 3 levels), totaling 27 simulations for the models in question. The minimum levels are represented as (-1), intermediate as (0), and maximum as (+1). The intervals selected for analysis of the parameters are shown in Table 5 . Ea-Ar is the activation energy pre-exponential factor in percentage, the Craq in percentage is the amount of coke that forms during cracking reactions, and Qinj is the air injection rate. Table 5 shows that Craq (%) refers to the amount of a given compound (long molecular chain) that divides into other components of lower molecular weight due to the increase in pressure, temperature, or due to both.
(1)
The example shown above represents a 25% cracking, where the heavier compound (HO) was divided into other components of shorter molecular chains (MO, LO, and coke); where a, b, c, and e are the corresponding stoichiometric coefficients. The reactions six and seven (R6, R7) were obtained using this concept.
Various simulations aimed at evaluating the effect of each parameter separately, that is, Ea-Ar, Craq, and Qinj. Thus, it becomes possible to obtain a good understanding of the productivity gain in the method.
The commercial software used were from Computer Modelling Group (CMG) and the modules employed to perform this work were: Winprop (to model the fluids), Builder (to create the reservoir model), and Stars (to run all study cases) -version 2014.10.
RESULTS AND DISCUSSIONS
At first, the oil recovery was compared with the ISC (base model) versus primary production, as shown in Figure 1 . One can observe that the production is similar for both models up until the seventh year of production, which shows an oil recuperation of approximately 10%. However, after this point, the oil bank obtained with the ISC reaches the producer well allowing an increase of oil recovery, achieving 53.2% at 20 years of production, while primary recovery factor is of about 16.6%. The difference between the two curves is approximately 36 percentage points and shows that the ISC improved the results if compared to the primary recovery. The simulated time was 20 years.
Model 1 was analyzed, using three cases representing the highest, intermediate, and lowest values of the activation energy pre-exponential factor, as shown in Figure 2 . Those cases were "Case 5," "Case 14," and "Case 23," respectively. To choose these cases, the cracking percentage and air injection rate were set as constants, to make it easier to observe the influence of the activation energy pre-exponential factor on its own, within the combustion process.
In Figure 2 , one can observe the behavior of the RF as a function of time. The cracking percentage was maintained constant at 50% and the air injection rate at 15000 m 3 /d. The Ea-Ar values used for the analysis were 25%, 100%, and 175%.
The expected behavior was that the higher the value of the activation energy was, the lower the RF obtained would be, and so it was observed. Continuing with the analysis of the results as a function of Ea-Ar, there was a comparison between "Case 5" and "Case 14." Between the two, "Case 5" had lower activation energy. One could observe that during the first almost 9 years its RF was higher, but after that time "Case 14" started to show a better RF, going against expectations. However, that behavior can be explained as a function of the large amount of coke that was formed inside the reservoir for "Case 5," which might have prevented the oil from flowing easily to the producing wells. This issue is mentioned later in this paper.
As for the Ea-Ar, another analysis of Model 1, based on the percentage of cracking, was made also choosing three cases representing the highest, intermediate, and lowest values of this parameter, as shown in Figure 3 . The Ea-Ar and Qinj values were set constant, so it was possible to observe the influence of the cracking percentage in the combustion process. Figure 3 shows the behavior of RF as a function of time, while the Ea-Ar values remained constant at 100%, and the Qinj of air at 15000 m 3 /day. The values of Craq used for the analysis were 25%, 50%, and 75%.
It was observed that the lower the cracking percentage (Craq), the higher was the RF. The Craq variable determines the amount of oil that will convert into coke inside the reservoir. The more coke is formed, the less oil available to be produced.
It is important to say that the amount of coke that is formed along the ISC, depends on the different reactions and defines the quantity of fuel used in the process. The success of ISC depends on the quantity of fuel formed through cracking reactions (R5, Right after, an analysis was performed for three cases based on the air injection rate, as shown in Figure 4 . Once again, the cases represented the highest, intermediate, and lowest values of the parameter studied. The values of Ea-Ar and Craq were kept constant at 100% and 50 %, respectively, in order to observe the influence of the air injection rate in the combustion process. As observed in Figure 4 , the production of oil for every case presents a significant increment, known as the arrival of the bank of oil to the production well, which is due to the advance of the combustion front. This increase occurs at different times, depending on the different values of Qinj for each case studied.
In "Case 15," Qinj 22500 m 3 /day, its curve showed that the production of the bank of oil happened after 5 years, while in "Case 14" the production of the bank of oil happened after 7 years, and, finally, in the "Case 13" it happened after 15 years.
The analysis of Qinj generally aims at conducting an economic study of a project, since the injection of air could slow or stop after the production of the bank of oil (Green & Wilhite, 1998; Prats, 1982; Rojas et al., 2010).
Comparison between the proposed models
The different models (Model 1, Model 2, and Model 3) of chemical reactions had a similar behavior in the modeling of the combustion front displacement in the reservoir, but this behavior was due to the different values of kinetic reactions.
It is known that each model has different reactions, which are responsible for the combustion behavior in the reservoir. It is also important to recognize the complexity of numerical modeling of the combustion process through chemical reactions proposed by different models. Table 6 presents a summary of the cases analyzed. Cases "05, 14, and 23" were used for the analysis of Ea-Ar; cases "11, 14, and 17" were used for analysis of Craq; and cases "13, 14, and 15" were used to analyze the Qinj, representing the highest, intermediate, and the lowest values of every parameter, respectively. The results obtained are a function of the RF. Table 6 shows the RF of each model of reactions proposed. There is a variation in the values of the oil recovery in each of the cases examined for a period of 20 years.
The Figure 5 shows the RF of the base case "14" of each of the three models of chemical reactions. This figure shows that the base case of Model 1 had a higher RF if compared to Models 2 and 3, and those models had a similar RF between them. The behavior is due to Model 1 not having LTO reactions. Models 2 and 3, do have LTO reactions, one of these chemical reactions is responsible for transforming a given amount of oil into coke, resulting in a decrease of the amount of oil that is produced when compared to Model 1. It is important to say that the different reactions are responsible for the fluid change inside the reservoir (Adegbesan, 1982; Mamora, 1993).
To notice the differences between the three proposed models, a comparison of the base case models was performed. The parameter chosen to make the comparison was the temperature. Since Models 2 and 3 have low-temperature reactions, these reactions influence the final temperature of the process. Figure 6 shows the temperature maps for the base case "14" of each proposed model in 4 different dates (6 months, 5, 10, and 20 years) specified at the top of each map. Figure 5 . Oil Recovery Factor of base case for Models 1, 2, and 3. Figure 6 shows an increase of temperature in the sixth month injections for Models 2 and 3. In both cases, the low temperature reactions allowed the combustion process to start earlier if compared with Model 1. The maximum temperature achieved by "Case 14" from Model 1 1600°F (870°C) approximately. The "case 14" for Models 2 and 3 reached a temperature of nearly 2100°F (1150°C).
The temperatures of Models 2 and 3 are similar due to the presence of low temperature reactions. These reactions provide the energy required for the combustion process to be started faster than in the Model 1. This behavior is consistent according to the literature consulted (Adegbesan, 1982; Belgrave et al., 1993). After analyzing the various parameters, a comparison between the cases that showed the highest results in terms of recovery factor between all three models was performed, regardless of being or not the base case of each model. The cases that showed the highest RF were "Case 1" from Model 1, "Case 10" from Model 2, and "Case 10" from Model 3, as shown in Figure 7 . Figure 7 shows that "Case 1" (Model 1) has a higher RF in the first 10 years of the project, after that time the production decreases when compared to "Case 10" of Models 2 and 3, which show a higher RF. This behavior is due to the values of Ea-Ar of the chemical reactions of each Model. The value of Ea-Ar for "Case 1" of Model 1 was 25%, which means that a larger amount of coke was formed ahead the bank of oil, making it difficult to displace the remaining fluent oil to the production well.
Continuing with the comparison of the cases with the best results of each model, Figure 8 shows the temperature maps for "Case 1" of Model 1, "Case 10" of Models 2 and 3. These temperatures were compared in four different times (6 months, 5, 10, and 20 years), specified at the top of each map. Figure 8 shows an increase in temperature in the sixth month of injection for all models. In "Case 1" of Model 1, the increment of temperature was due to the low values of Ea-Ar that allowed the start of combustion, for "Case 10" of Models of 2 and 3, the rise of temperature was due to the presence of the low temperature reactions, which caused a progressive increase in temperature. The maximum value of temperature that the models presented was at the beginning of the process. The "Case 1" of Model 1 reached a temperature of nearly 1450°F (787°C), the "Case 10" of Models 2 and 3 reached a temperature of approximately 1940°F (1060°C).
From the 15th year of the project on, there was a reduction of temperature in "Case 10" of Models 2 and 3, while in "Case 1" the temperature of the combustion front remained higher. This phenomenon was possible due to a combination of factors such as the air injection rate (7500 m and the cracking percentage of 25%, but the main parameter was the absence of low temperature reactions. Since one of the functions of these LTO reactions is to form oxygenated compounds that will be transformed into heavier compounds, the cycle between the cracking and the formation of heavy compounds is continuous (Adegbesan, 1982; Belgrave et al., 1993) . Table 7 resumes the values of RF, volume of oxygen (O 2 ) that was injected, produced and consumed in the process for cases with a major RF and for the base cases related to the models. Table 7 that the percentage of O 2 consumed for "Case 14" of Model 1 is approximately 95%, the value of the O 2 consumed for "Case 14" of Models 2 and 3, which was around For "Case 1" of Model 1 it was observed that the O 2 was consumed completely. This was due to the low value of Ea-Ar, which allowed that the combustion process could be maintained through the process. Another factor that helped the described phenomenon was the Qinj.
It is observed in
"Case 10" of Models 2 and 3 consumed about 98% of O 2 . For these cases, the value of the Ea-Ar was 100%. The value reached at the end of the project to the combustion front couldn´t be selfsustained so the temperature decreased. Figure 8 shows graphically what was explained above. Table 8 shows the values of cumulative oil produced (Np), the volume of oil in the reservoir, the amount of fuel consumed by the combustion front, and the amount of coke remaining in the reservoir in 5, 10, 15, and 20 years. Table 8 shows that the amount of oil consumed and the coke formed for the "Case 10" of Models 2 and 3 increases progressively throughout the project. This behavior is expected considering that the Ea-Ar of Models 2 and 3 was 100 %, thus, due to the values of Ea-Ar the production of coke and the quantity of oil-coke that is consumed is progressive; it increases as the combustion front moves until the production well. Table 8 it is observed that for the "Case 1" of Model 1, the amount of coke formed and the amount of oil-coke consumed during the first 5 years was greater than during 10 years. This behavior is due to the value of Ea-Ar being 25%, which means that the initial amount of coke formed by cracking reactions was significant. After 10 years, one can observe a decrease in this amount due to the displacement of the combustion front. At 15 and 20 years of the project, one can see that the amount of coke formed and the amount of oil-coke consumed increased, this phenomenon is due to the displacement of the combustion front, since it consumes all the oil and coke that get in contact with the combustion front.
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CONCLUSIONS
The main conclusions for the In Situ Combustion Process after the study of numerical simulation are:
 With the ISC process it was possible to increase the oil recovery factor from the value of the primary production of 16.6% to 53.26%, 46.98%, and 46.99 % for all base cases of Models 1, 2, and 3; respectively.  One could observe an increase in the oil recovery factor from the value of the primary production of 16.6% to 71.55%, 78.32%, and 78.30% for the best cases of the Models 1, 2, and 3; respectively.  After realizing the sensitivity analysis, it was observed that the most influential parameters were the energies of activation pre-exponential factor, followed by the percentage of cracking, and, finally, the flow injection.  The increase in air injection rate promotes an increase in the oil recovered, but it is observed that there is a limit in the injection of air.  The breakthrough of air decreased the oil production due to air mobility.  The chemical reactions models showed a similar behavior in the displacement of the front of oil, however the different kinetic values of chemical reactions make difficult to do comparisons between them.
